c-Myc (Myc) is a well known transcription factor that regulates many essential cellular processes; however, its role in modulating immunity is not known. Here, we showed different species of mycobacteria can induce Myc expression via ERK1/2 and JNK activation. Unexpectedly, the induced Myc is localized in the cytoplasm but not in the nucleus. This induced Myc expression is associated with the induction of TNF-α and IL-6 and with the suppression of intracellular mycobacterial growth. To delineate the underlying mechanisms, we demonstrated that Myc enhances IRAK1 degradation, leading to specific activations of ERK1/2 and p38 MAPK but not Akt, and reduces IκBα protein recovery upon degradation. Hence, our findings may provide insights into a potential role for Myc in regulating the antimicrobial responses.
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cytokine | macrophages T uberculosis remains a devastating disease around the world and also a major cause of death in AIDS patients (1) . It is caused by infection with Mycobacterium tuberculosis (M. tuberculosis). Additionally, nontuberculous mycobacteria such as M. avium-intracellulare and M. kansasii are other common opportunistic pathogens causing disseminated infection in patients in the late stages of AIDS (2) .
To control mycobacterial infections, the pathogens are recognized by specific host receptors including toll-like receptors (TLR), leading to activation of signaling cascades and consequent expression of cytokines for innate and adaptive immunity (3) . For example, upon pathogen recognition, the activated TLR2 or TLR4 recruit MyD88, IRAK1, and IRAK4. This activates IκBα and mitogen-activated protein kinases (MAPK) including ERK1/2, p38 kinase and JNK (4, 5) . Furthermore, we have recently demonstrated that mycobacteria activate ERK1/2 and p38 kinase via the dsRNA-activated protein kinase (PKR) and MAPK-phosphatase-1 (MKP1) (6, 7) . Consequently, activation of these pathways triggers transcription factors including NFκB, CREB, and AP-1 to upregulate the expression of cytokines such as TNF-α and IL-6 (4-7).
c-Myc (Myc) was first identified as the human homolog of v-myc, an oncogenic protein of avian myelocytomatosis virus (8) . It possesses a N-terminal transactivation domain and a C-terminal basic helix-loop-helix (HLH) leucine zipper (LZ) domain for binding to a CACGTG E-box DNA sequence (9) . Max, which also contains a HLH-LZ domain, dimerizes with Myc to bind to the Ebox element of the promoter of target genes (9) . This leads to the recruitment of histone acetyltransferase complexes for opening the chromatin for transcription of the target genes (10). Moreover, Myc interacts with RNA polymerase I, II, and III for transcription of different genes (10) and binds with cofactors of the prereplicative complex on DNA of the origin of replication for initiating the S phase of cell cycle (11) . Through these mechanisms in the nucleus, Myc controls different cellular processes including cell cycle, cell growth and differentiation, metabolism, protein synthesis, cell adhesion and migration, angiogenesis, chromosomal instability, stem cell renewal, and apoptosis (9) .
Myc is crucial to control the differentiation and self-renewal processes of hematopoietic stem cells, leading to the development of the progenitor cells (12, 13) . These progenitor cells then differentiate into immune cells including monocytes and lymphocytes for mediating innate and adaptive immune responses. However, the precise roles of Myc in regulating cytokine induction and related immune responses against invading microbes have not been reported. Here, we showed that Myc plays a critical role in regulating innate immune responses against mycobacterial infection.
Results
Myc Expression Is Induced by Mycobacterial Infection. To examine whether mycobacteria induce Myc expression, primary human blood macrophages (PBMac) were treated with mycobacteria including Bacillus Calmette-Guérin (BCG), M. avium, M. chelonae, or M. kansasii. The results showed that the Myc protein levels were increased by these mycobacteria in a time-dependent manner ( Fig.  1 A-C) . Moreover, the level of Myc induction was dependent on the concentration of mycobacteria used (Fig. 1D) . Apart from protein expression, Myc mRNA levels were significantly upregulated by BCG in a time-dependent manner (Fig. 1E) .
To delineate the signaling mechanisms underlying mycobacteria induction of Myc expression, PBMac were pretreated with specific inhibitors against various signaling molecules or kinases, and followed by BCG treatment. As measured by quantitative reverse-transcription PCR (RT-PCR), the levels of BCG-induced Myc mRNA were significantly reduced after pretreatment of the cells with inhibitors against ERK1/2 (PD98059) and JNK1/ 2 (SP600159), compared with those treated with DMSO (Fig.  1F) . However, pretreatment with inhibitors against p38 kinases (SB203580) and NFκB (CAPE) did not affect the BCG-induced Myc mRNA transcription (Fig. 1F) .
Previous studies have shown that Myc protein expression is associated with cell proliferation, regulates cell cycle, and possesses an oncogenic activity in cancer (9, 11) . As mycobacteria induced Myc protein expression, we investigate whether the microbes may also affect the cell proliferation or cell cycle. To address this, PBMac were treated with mock or BCG, and analyzed for DNA content by flow cytometry. As a positive control, around 53%, 39%, and 8% of the THP-1 promonocytic cells are in the G 0 /G 1 , S, and G 2 /M phases, respectively, indicating that THP-1 cells are proliferating (Fig. 1G) . In contrast, more than 90% and less than 4% and 5% of PBMac, which were treated with mock or BCG for 24 ( Fig. 1G) , 48, and 96 h (Fig. S1A) , were in the G 0 /G 1 , S, and G 2 /M phases, respectively. In addition, all these percentages of cells in each phase did not significantly changed with the increasing duration of mycobacteria treatment (Fig. S1A) . The results also showed that BCG treatment did not affect the cell number of PBMac ( Fig. S1 C and D) . These results suggest that unlike in other cellular system, mycobacteria neither affected the proliferation nor changed the G 0 /G 1 phase of cell cycles of human macrophages.
Together, these results demonstrated that induction of Myc protein is a common pathway used by different species of mycobacteria and was mediated by the activation of ERK1/2 and JNK1/2 but not that of p38 kinases and NFκB in human macrophages with a G 0 /G 1 phase.
Myc Is Localized in the Cytoplasm of Macrophages. Because previous studies have reported that Myc is localized in the nucleus and functions as a transcription factor to regulate various cellular processes (9, 14-16), we investigated the subcellular location of Myc in PBMac following mycobacterial infection. As assayed by quantitative immunofluorescence microscopy using two different antibodies against Myc, we showed that the nucleus/cytoplasm intensity ratios of Myc protein were below one in macrophages treated with mock or BCG for 5 and 24 h (Fig. 2 A and B) . In addition, there were no significant changes of the ratios before and after BCG treatment for either 5 or 24 h (Fig. 2 A and B) . Consistent with Fig. 1A , the total signal intensity of Myc was significantly increased by BCG in a time-dependent manner ( Fig. S2 A and B). These results suggest that Myc protein remained localized in the cytoplasm of PBMac, which were treated with mock or BCG.
As verified by Western blot analyses, Myc proteins were found in the cytoplasm, but not in the nucleus, of mock or BCG cells (Fig.  S2C) . Consistent with Fig. 1A , the Myc protein level in BCG-treated cells was higher than that in mock-treated cells by twofold (Fig.  S2C ). The specific cytoplasm marker, α-tubulin, and the specific nucleus marker, lamin B, were only found in the cytoplasm and nucleus, respectively, but not vice versa (Fig. S2C ). These results indicated the purity of the fractionated proteins. Hence, these results suggest that both constitutive and mycobacteria-induced Myc proteins resided in the cytoplasm but not in the nucleus of PBMac.
Myc Specifically Augments the Mycobacteria Induction of TNF-α and IL-6, but not IL-10 Protein. To investigate the role of Myc in regulating cytokine induction, PBMac were preincubated with control siRNA-a or Myc siRNA-a (Thermo Fisher Scientific), which targets the coding region of Myc mRNA, and then treated with BCG or M. avium. Myc siRNA-a significantly reduced the BCGinduced Myc protein levels compared with the control siRNAa treated cells (Fig. S3A ). With this condition, the culture media were harvested for measuring the cytokine levels by ELISA. The results showed that Myc siRNA-a significantly decreased the BCG-and M. avium-induced production of TNF-α and IL-6 protein ( Fig. 3 A and B and Fig. S4 A and B) . In contrast, Myc siRNA-a neither affected the basal nor the mycobacteria-induced IL-10 protein levels compared with the effects of the control siRNA-a in the treated cells (Fig. 3C) . Likewise, Myc siRNA- a significantly down-regulated the mycobacteria-induced mRNA transcription of IL-6 and TNF-α ( Fig. S4 C and D) but not that of IL-10 ( Fig. S4E ). In addition, Myc siRNA-a neither affected the mycobacterial survival nor the viability of PBMac at an early phase of infection despite its effects on inhibiting the mycobacteria-induction of TNF-α and IL-6 (Figs. S5 and S6). Furthermore, Myc siRNA-a neither significantly changed the G 0 /G 1 phase nor the cell number of PBMac, indicating that Myc was not involved in regulating cell proliferation and cell cycle ( Fig. S1 A and C) .
To further confirm these results, PBMac were transfected with control siRNA-b or Myc siRNA-b (Applied Biosystems), which targets the 3′ UTR of Myc mRNA, and then treated with BCG. Myc siRNA-b significantly decreased the BCG-induced Myc protein levels after BCG addition, compared with the control siRNA-b-treated cells (Fig. S3B) . Consistent with the results obtained by Myc siRNA-a, Myc siRNA-b specifically reduced the mycobacteria-production of TNF-α protein (Fig. 3D) but not that of IL-10 protein (Fig. 3E ). Similar to Myc siRNA-a, Myc siRNA-b neither significantly changed the G 0 /G 1 phase nor the cell number of PBMac (Fig. S1 B and D) . Therefore, these results suggest that Myc was required for specifically mediating mycobacteria-induction of TNF-α and IL-6 but not that of IL-10.
Myc Mediates the Suppression of the Intracellular Growth of Mycobacteria. To address whether Myc affects the intracellular growth of mycobacteria, PBMac were transfected with control or Myc siRNA-a or with control or Myc siRNA-b, and then treated with M. avium for up to 96 h. The number of intracellular mycobacteria was quantified. After 8-and 48-h of M. avium treatment, the numbers of intracellular mycobacteria in cells transfected with control and Myc siRNA-a-transfected cells, and with control and Myc siRNA-b were comparable (Fig. 3 F and G) . However, after 96 h of M. avium treatment, the numbers of intracellular mycobacteria in cells transfected with Myc siRNA-a and Myc siRNA-b, were significantly higher than that of the cells transfected with control siRNA-a and control siRNA-b, respectively (Fig. 3 F and  G) . In addition, this effect of Myc was not resulted from the oncogene-induced protection from cell death as shown by the nonsignificant differences of viabilities between the control and Myc siRNA-a-transfected cells after 96 h of mycobacteria treatment (Fig. S7) . Moreover, as a previous study showed that Myc represses the transcription of NRAMP1 gene in which its encoded protein is responsible for inhibiting the intracellular mycobacterial growth (17) , the expression level of NRAMP1 mRNA was examined. The results showed that the NRAMP1 mRNA expressions were not affected by either mycobacteria or Myc (Fig. S8 A and B) , indicating that NRAMP1 was not required for the Myc-inhibition of intracellular mycobacterial growth. These results suggest that Myc was crucial for limiting the intracellular growth of mycobacteria in macrophages at a later phase of infection.
Myc Regulates the Activation of Mycobacteria-Induced Signaling
Molecules. To delineate the mycobacteria-triggered pathways that are regulated by Myc, PBMac were transfected with control or Myc siRNA-a before BCG treatment, and followed by addi- 3 (F) , and 10 (G) independent blood donors. For A-E, * and n.s. denote P < 0.05 and P > 0.05, respectively, as determined by Student's t test. For F and G, * denotes P < 0.05 as determined by two-way ANOVA. Fig. 2 . Myc localizes in the cytoplasm. PBMac were treated with mock or BCG (M.O.I. = 1) for 5 and 24 hours. Cells were fixed and labeled with monoclonal primary antibody against Myc (4A6, Millipore; A) or polyclonal primary antibodies against Myc (N262, Santa Cruz Biotechnology; B), and followed by the corresponding secondary antibodies. Subsequently, cell nuclei were labeled with DAPI. Images of cells were analyzed by Cellomics ArrayScan HCS VTI System. The cytoplasmic localization of Myc was quantified and expressed as nuclear/cytoplasmic intensity ratio (ratio > 1 implies in nucleus, ratio < 1 implies in cytoplasm). The data are presented as mean ± SEM from three independent blood donors.
tional Western analysis. The results demonstrated that BCG induced the degradation of IRAK1 in a time-dependent manner (Fig. 4A) . However, Myc siRNA-a substantially inhibited this IRAK1 degradation (Fig. 4A) . Furthermore, Myc siRNA-a decreased the phosphorylation levels of ERK1/2 and p38 kinases induced by BCG treatment (Fig. 4 B and C) . In contrast, while the Akt phosphorylation levels increased at eight hours after BCG addition, they were not affected by the Myc siRNA-a (Fig. 4D) . Additionally, similar results were observed when transfection with Myc siRNA-a was replaced by that with Myc siRNA-b (Fig. 4 F-I) . These results indicate that Myc specifically enhanced mycobacteria-activation of IRAK1 as well as the downstream kinases including ERK1/2 and p38 kinases but not that of Akt.
Moreover, the IκBα protein levels were significantly up-regulated by Myc siRNA-a and by Myc siRNA-b at five hours (Fig. 4  E and J) . These results suggest that Myc reduced the mycobacteria-induced IκBα protein levels. Additionally, as assayed by immunocytochemistry, our results showed that BCG induced the NFκB p65 nuclear localization with an increase of the nucleus/ cytoplasm intensity ratio, but Myc siRNA-a reduced this nuclear localization with a significant decrease of the ratio (Fig. S9) . These results suggest that Myc augmented the mycobacteria-induced NFκB pathway.
Myc Is Sufficient for TNF-α Induction and IRAK1 Activation. To confirm the results obtained by the knockdown experiments using siRNA, we investigated whether Myc is sufficient to induce TNF-α. PBMac were electroporated with pcDNA3.0-Myc, a Myc proteinexpression plasmid. As assayed by Western blot, the Myc protein level increased in cells electroporated with pcDNA3.0-Myc, compared with those electroporated with the control pcDNA3.0 plasmid (Fig. 5 C and D) , indicating that Myc can be overexpressed in the transfected PBMac. Next, the cytokine protein levels of the Myc-overexpressing cells were determined by ELISA. The results showed that TNF-α protein production was significantly elevated by Myc overexpression compared with the control cells (Fig. 5A) . However, IL-10 production of the pcDNA3.0-Myc-transfected cells was not affected by the Myc overexpression (Fig. 5B) . These results indicate that Myc was sufficient for the specific induction of TNF-α but not for that of IL-10 production.
To verify whether Myc induces IRAK1 activation, we also examined the protein levels of IRAK1 by Western Blot. The results demonstrated that the protein level of IRAK1 decreased significantly in cells with overexpression of Myc compared with the control cells (Fig. 5 E and F) . These results suggest that Myc was adequate for reducing the expression of IRAK1 protein.
Discussion
In this report, we demonstrated that several species of mycobacteria with different pathogenicity including M. bovis (BCG), M. avium, M. kansasii, and M. chelonae stimulated the expression of Myc protein in a time-and dose-dependent manner, due to transcriptional activation of Myc. These results further verified previous uncharacterized microarray data obtained from cells infected with M. avium (18, 19) . Indeed, the levels and kinetics of Myc expression vary among different experiments. This may be due to the individual variations among primary cells from different blood donors. In fact, other pathogens, including Helicobacter pylori and Salmonella typhimurium, had also been shown to trigger Myc protein expression in mouse macrophages (20, 21) . Moreover, Myc has been shown to act as a transcription factor to induce the mRNA expression of cytokines including IL-2, IL-13, and IL-17C in cancer cell lines (22, 23) . However, the mechanisms including how Myc is induced by these pathogens and the functional consequences of induced Myc in primary immune cells for triggering innate immune responses have not been reported. Here, we demonstrated that mycobacteria induced Myc transcription via the activation of ERK1/2 and JNK1/ 2 and the induced Myc plays a role in triggering anti-mycobacterial responses without affecting the cell proliferation and changing the G 0 /G 1 phase of cell cycle of macrophages.
Although a previous report showed that the Myc protein level increases in the nucleus upon H. pylori infection in a mouse macrophage cell line (21), our finding is consistent with several other studies showing that Myc localizes in the cytoplasm in various cells including lymphoid and differentiated myeloid cells, fibroblasts, and HeLa cells (24) (25) (26) (27) . It has not been known why Myc is localized in the cytoplasm in some cells but not in the others. However, it has been suggested that hyperphosphorylation of Myc disrupts its interaction with α-tubulin during mitosis (26) . This disruption may lead to the retention of Myc in the nucleus. As our results showed that differentiated human macrophages did not enter into the phases of DNA synthesis and mitosis, it would be intriguing to investigate whether Myc is unphosphorylated and resides in the cytoplasm of primary human macrophages via similar mechanisms.
Our results suggest that mycobacteria-induced Myc may play a positive feedback role in specifically augmenting the microbeinduced proinflammatory cytokines including TNF-α and IL-6, but not on the anti-inflammatory cytokine IL-10 in primary human macrophages. These findings support the hypothesis that the TLR signaling induces the expression of early factors including ATF3 and XBP1 for fine-tuning the downstream innate immune responses via negative or positive feedback controls (28, 29) . Nevertheless, the cytokine expression was incompletely blocked by the two siRNA against Myc. This may be due to the limited efficacy of the siRNA for knocking down the Myc protein in primary human cells. As described, the siRNA concentration that we used in this study was already optimal for achieving the maximum knockdown of the protein with more than 90% transfection efficiency. This is consistent with similar efficacy of these specific siRNA in knocking down the Myc protein in human cancer cell lines (30, 31) . In addition, another possibility is that mycobacteria-induced signaling can still be transduced by other alternative pathways when Myc was knocked down, leading to the low, albeit significant, expression of cytokines including TNF-α and IL-6.
Myc has been shown to induce apoptosis and cell death in mouse macrophages infected with H. pylori and S. typhimurium, respectively (20, 21) . However, our results indicate that mycobacteria-induced Myc neither regulated the microbes-induced cell death nor the mycobacterial survival at the early phase of infection. Therefore, these processes are not involved in the Myc-enhanced cytokine expression. Furthermore, previous study has shown that TNF-α inhibits the intracellular growth of mycobacteria (32, 33) . As our results indicate that Myc-induction of TNF-α preceded the Myc-suppression on the mycobacterial growth, it is possible that the oncogene-suppressed mycobacterial growth is TNF-α-dependent. Further study is required to examine this hypothesis. Nevertheless, Myc has been shown to repress the interaction of IRF8 with Miz1 in mouse macrophages, resulting in the inhibition of NRAMP1 expression, which is responsible for killing the intracellular S. enterica serovar typhimurium and BCG in IFN-γ/LPS-primed macrophages (17, 34) . On the contrary, our results suggest that mycobacteria-induced Myc plays a role in the inhibition of intracellular mycobacterial growth at a later phase of infection in primary human macrophages without prior IFN-γ treatment. Additionally, this suppression is independent of NRAMP1 expression. These differences in the roles of Myc may be due to the different objectives examined between their and our studies. Indeed, our experiments revealed that in response to mycobacterial infection, Myc is induced in macrophages to mediate the induction of proinflammatory cytokine responses with consequent inhibition of the intracellular growth of the microbes. These innate immune responses may lead to the T cell induction of IFN-γ, which may in turn activate other uninfected macrophages (3). This finding is in agreement with a previous report showing that Myc plays a suppressive role against pathogens in IFN-γ-induced secondary responses (34) , resulting in protecting the uninfected macrophages from infection by the microbes.
It has been suggested that, upon TLR/IL-1R activation, IRAK1 is phosphorylated and degraded, allowing the signaling complexes containing TRAF6, TAK1, TAB1, TAB2, and TAB3 to translocate from the cell membrane to the cytosol for subsequent activation of MAPK and NFκB pathways (5, 35) . Hence, our findings suggest that Myc may play a novel role in enhancing the degradation of IRAK1, leading to the consecutive activation of ERK1/2, p38 kinases, IκBα and NFκB. As a consequence of these Mycstimulated signaling cascades, induction of proinflammatory cytokines including TNF-α and IL-6 were augmented as illustrated by the experiments of either knocking down or overexpressing the Myc protein. However, further studies have to be done to delineate how Myc regulates the degradation or synthesis of IRAK1 and IκBα protein. Nevertheless, our results indicated that Myc protein knockdown only partially inhibited the TNF-α expression but much reduced the IL-6 expression. Indeed, previous studies from us and other groups have shown that the expression of TNF-α and IL-6 can be regulated by multiple pathways which involve different upstream signaling molecules including PKR, MKP-1, MEKK3, ASK1, TAK1, and TPL2 (6, 7, 36) , and different downstream transcription factors such as C/EBPβ and ATF3 (29, 37) . In addition, expressions of these cytokines can be regulated posttranscriptionally via controlling their mRNA stabilities (38) . Therefore, it is plausible that Myc may differentially regulate these signaling molecules and the mRNA stability of these cytokines, leading to the specific greater reduction of expression of IL-6 than that of TNF-α by Myc siRNA knockdown.
On the contrary, Myc had only a slight inhibition on the mycobacteria activation of Akt and did not play a role in regulating the mycobacteria induction of IL-10. In line with our previous report (39) , mycobacteria may use an alternative Akt signaling pathway for inducing anti-inflammatory cytokine, IL-10. This result suggests that Myc may play a role in specifically enhancing the proinflammatory, but not that of the anti-inflammatory pathways.
These Myc-augmented expressions of proinflammatory cytokines play crucial roles in combat against mycobacteria. For instance, in conjunction with TGF-β, IL-6 has been suggested to initiate the differentiation of T H 17 cells, leading to the subsequent maintenance of granulomas and the expression of memory responses (40) . Additionally, TNF-α produced from macrophages plays an important role in suppressing the intracellular growth of mycobacteria and involving in the formation of granulomas to prevent dissemination of mycobacterial infection (41, 42) . Furthermore, these cytokines induced by TLR and its MyD88-IRAK1-dependent signaling pathway can lead to protection against not only mycobacteria (43) but also other intracellular pathogens such as Listeria monocytogenes and Toxoplasma gondii (44) . Hence, our findings suggest the importance of Myc in regulating these proinflammatory cytokine responses by activating the IRAK1-dependent pathway, and in limiting the intracellular growth of the mycobacteria. It would be intriguing to investigate whether Myc has a similar role in other pathogens. Nevertheless, as Myc plays an essential role in regulating different cellular responses in different cell types (13) , differentiated blood macrophages from mice with inducible conditional knockout of Myc need to be examined to identify the specific in vivo role of Myc in regulating innate immune responses. Before the macrophage and dendritic cells of these mice are examined, our report establishes a foundation for this future in vivo study. Understanding the mechanisms in inducing these responses may shed light on the development of Myc-enhancing drugs for tackling the epidemic problems of tuberculosis.
Materials and Methods
Cell Culture. Isolation of primary human blood macrophages and culture of THP-1 cells were described in SI Materials and Methods.
Additional Materials and Methods. Additional materials and procedures including siRNA transfection, electroporation of PBMac, Western blot, immunocytochemistry, ELISA, and statistical analysis are provided in SI Materials and Methods.
